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a field and modeling study aims to improve our understanding of boundary layer processes in the foothills of the alberta rocky mountains and how they relate to the initiation of severe thunderstorms.
U nderstanding convective initiation (CI) and predicting severe thunderstorms remains a challenge for atmospheric scientists and forecasters. However, accurate forecasts of the timing and location of CI are critical to maximize the lead time and accuracy of severe weather watches and warnings. The small spatial and temporal scales (sometimes only hundreds of meters and minutes, respectively) on which atmospheric processes leading to CI occur make them difficult to measure observationally and simulate using numerical weather prediction (NWP) models. An attempt to resolve these processes via observations can be made using  targeted field measurements in active thunderstorm regions. In Ca nada, one of t he most active regions for severe thunderstorm activity is the Canadian prairies. On average, 221 severe 1 events are reported to Environment Canada (EC) over the prairies each summer (McDonald 2009) . A recognized genesis region for storms on the western prairies is the mountain-prairie transition zone along the front range of the Rocky Mountains known as the foothills region of Alberta, Canada. This area is typically associated with more lightning days than anywhere else on the prairies (Fig. 1) . Storms developing over the foothills generally move eastward to affect the Edmonton-Calgary corridor, one of the most densely populated and fastest-growing regions in Canada (Statistics Canada 2007) . Since 1981, Public Safety Canada estimates that more than 40 deaths and $2.5 billion (Canadian dollars) in damage can be attributed to severe thunderstorms in Alberta (see Table 1 ). Typically, the most damaging storms are supercells with large hail and/or tornadoes.
Requests from forecasters, and the potential for future losses, prompted the design of a field experiment to investigate CI over the Alberta foothills. UNSTABLE (refer to Table 2 for acronym expansion) was designed to take place over two summers. In 2008, a pilot experiment was conducted to collect observations and test measurement strategies for a later full-scale experiment. The overall goal of UNSTABLE is to improve our understanding of processes associated with CI and to work with forecasters to maximize severe thunderstorm watch and warning lead times and accuracy. UNSTABLE has been designed to examine CI processes as opposed to targeting a particular type of event (e.g., storms producing large hail). Forecaster assessment of the prestorm environment should identify likely convective mode and associated severe weather elements. A better understanding of how, when, and where storms may form should support more informed watch and warning decisions prior to the occurrence of severe weather from a parent storm.
This article provides the rationale for developing UNSTABLE and general information on the design and operations of the 2008 pilot campaign. Preliminary results from 2008 will illustrate how UNSTABLE observations will be used to learn more about CI processes in Alberta. We begin with a discussion of challenges associated with forecasting CI and a review of Canadian thunderstorm research focused mainly in Alberta. This is followed by an outline of UNSTABLE goals and experimental design and selected observations from the 2008 campaign. We conclude with a summary discussion outlining future UNSTABLE-related research.
CI FOreCAST ChALLeNgeS.
Results from studies in Alberta (Taylor 1999 ) and on the U.S. high plains suggest that stability of the mid-upper troposphere ranges from neutral to conditionally unstable on most days during the warm convective season. The potential for CI is modulated by the environmental lapse rate above the level of free convection (LFC), so that sufficient instability is required to counter the effects of parcel dilution during ascent (Houston and Niyogi 2007) . When such a condition exists, the potential for CI is additionally influenced by atmospheric boundary layer (ABL) thermodynamic and kinematic processes . ABL processes associated with water vapor availability and depth Crook 1996; Weckwerth and Parsons 2006) , the presence of convergence lines (Wilson and Schreiber 1986; Wilson and Mueller 1993; Sills et al. 2002 Sills et al. , 2004 King et al. 2003; Wilson and Roberts 2006) , or mesoscale circulations and interactions with boundaries (Weckwerth and Wakimoto 1992; Kingsmill 1995; Sills et al. 2004; Buban et al. 2007 ) have been found to contribute to CI. The strength and evolution of convective inhibition (CIN) in response to synoptic or mesoscale lift or other factors further influence the potential for CI (Strong 1986; Browning et al. 2007 ). Additional studies (Doran et al. 1995; Weaver and Avissar 2001; Raddatz and Cummine 2003; Hanesiak et al. 2004; Trier et al. 2004 ) suggest that the above processes can be influenced by the heterogeneity of surface characteristics related to soil moisture and vegetation cover. Results from these and other studies imply that the effects of ABL convergence and water vapor availability (and depth) on the potential for CI are linked. For forecasts of CI to improve, these processes need to be more completely observed and understood. In recent years, several field studies with CI research components have been conducted worldwide (see Table 2 ) in regions with varying degrees of orography and convective instability. UNSTABLE targets the transition area between the Rocky Mountains to the west and agricultural prairie regions to the east. Here, differential heating of terrain and upper-flow interactions with the mountain barrier can create local mesoscale boundaries and circulations that influence CI (e.g., Smith and Yau 1993a,b) . The prestorm environment in this region is frequently characterized by weak CIN, moderate convective instability, and moderate-to-strong deeplayer wind shear (Strong 1986) . Observational ) and modeling (Crook 1996) studies have indicated that horizontal variations of surface water vapor mixing ratio (q v ) and potential temperature (θ) of 1 g kg −1 and 1 K, respectively, can mean the difference between no deep moist convection and intense thunderstorms. Such variability often occurs on scales that are much smaller than can be resolved with existing synopticscale observation networks Crook 1996) . Water vapor depth in the ABL has also been shown to critically affect CI, as storms appear to be favored in areas with deeper ABL moisture Weckwerth et al. 1996; Weckwerth 2000; McCaul and Cohen 2002) . Small horizontal changes in temperature and water vapor, and vertical changes in moisture depth, can significantly affect assessments of static stability (Crook 1996; Bunkers et al. 2002; Craven et al. 2002) needed to identify areas with potential for CI.
Observations of near-and above-surface variability in thermodynamic parameters (e.g., q v and θ) and wind are required to understand how, and why, CI occurs. In Canada, the existing observational network was designed to resolve synoptic-scale features, and it generally does not allow for detailed observations of mesoscale processes. For Alberta forecasters, there is one upper-air station 40 km west of Edmonton at Stony Plain (53.55°N, 114.10°W; Fig. 2 ). Soundings from this station are approximately 200 km from where storms are observed to form over the foothills and are often not representative of ABL characteristics in that region (Strong 1986; Taylor 1999) . At the surface, observations of mesoscale processes associated with CI require measurements with high spatial and temporal resolution. However, real-time observations over the foothills are limited, with a significant void in surface observations where storms typically form (see Fig. 2 for existing real-time hourly surface observation locations available to forecasters). Targeted observations obtained through field studies offer an opportunity to augment data-poor areas and 
ALBerTA ThuNderSTOrM reSeArCh.
There is a rich history of thunderstorm research in Alberta dating back to the Alberta Hail Studies Project (Wojtiw 1975 (Wojtiw ) beginning in 1956 . Research related to severe storm outbreaks was conducted by Longley and Thompson (1965) , who constructed mean maps for hail and no-hail days using upper-air sounding data. Research in the 1970s focused on hail observations and modeling (Chisholm 1973; English 1973; Renick and Maxwell 1977) and storm-scale studies, including kinematic models for single cell, multicell, and supercell hailstorms pioneered by Chisholm and Renick (1972 (Strong 1986 (Strong , 1989 . This model describes how the approach of an upper trough, an increase in CIN, the development of upslope f low, and the subsequent reduction of CIN through orographic and synoptic lift with trough passage leads to severe weather outbreaks. Using LIMEX-85 data, Honch and Strong (1990) noted a line of surface convergence associated with CI, hinting at the importance of mesoscale boundaries for CI in this region. A later modification of this model (Smith and Yau 1993a,b) focused on the development of a mountainplain circulation contributing to moisture transport from the plains to the foothills. A number of the above-mentioned studies recognized the importance of mesoscale and ABL processes for CI. Specific emphasis on surface boundaries with respect to moisture and convergence was discussed by Knott and Taylor (2000) , who referred to an observed moisture and convergence boundary as a dryline using limited operational surface and remote sensing observations. Hill (2006) showed the first mobile surface observations and moisture gradients collected across the dryline in Alberta. These studies illustrated the inadequacy of the existing operational network to explicitly resolve the dryline at the surface.
The Canadian prairies are far removed from the Gulf of Mexico, the primary source of ABL water vapor on the U.S. Great Plains. Consequently, Canadian researchers and forecasters have long recognized the importance of evapotranspiration (ET) as a local, or upstream, moisture source contributing to the potential for CI and severe storms. The influence of soil moisture and sensible and latent heat (Entekhabi et al. 1996; Pielke 2001) . ET has been proposed as an important source of ABL water vapor for CI and moisture recycling on the Canadian prairies (Strong 1997; Raddatz 1998 Raddatz , 2000 Raddatz , 2005 Raddatz and Cummine 2003; Hanesiak et al. 2004) . The Alberta foothills are in close proximity to a transition zone in ecoclimate regions between southern cordilleran and prairie grasslands to the east (Fig. 3) . ET from prairie crops and grasslands are a potential source of ABL water vapor that may be advected into the foothills region to promote CI.
Modeling studies of severe storms in Alberta (e.g., Erfani et al. 2003; Milbrandt and Yau 2006a,b) have reproduced supercell-like structures consistent with radar observations, and they have shown a potential to provide useful guidance to forecasters with respect to CI and storm evolution. Computational power is now available to run NWP models at high spatial resolution (e.g., 1-km horizontal grid spacing) in real time. In addition to comparing storm and precipitation pattern forecasts, model simulations of the physical processes associated with CI need to be considered. uNSTABLe gOALS ANd eXPerIMeNTAL deSIgN. The goals of UNSTABLE are as follows:
• To better understand atmospheric processes leading to thunderstorm development over the Alberta foothills (both prior to and during CI) with an aim to extend results elsewhere in Canada • To improve accuracy and lead time for severe thunderstorm watches and warnings
• To assess the skill of a high-resolution model to resolve physical processes over the Alberta foothills and to assess its utility for providing useful numerical guidance for the forecasting of severe convection • To refine through observational, case, and numerical modeling studies existing conceptual models describing CI and the development of severe thunderstorms over Alberta and the western prairies.
UNSTABLE was designed following three main themes posed in the form of overarching science questions (Q1-Q3) [see Taylor et al. (2007) for further details].
Q1.
What are the contributions of ABL processes to the initiation of deep moist convection and the development of severe thunderstorms in the Alberta foothills region?
Q1 deals with ABL water vapor availability and stratification in the vertical, the role of mesoscale boundaries and circulations in CI, the four-dimensional characterization of the dryline, factors inhibiting CI, and the revision of existing conceptual models for CI in this region.
Q2.
What are the contributions of surface processes to the initiation of deep moist convection and the development of severe thunderstorms in the Alberta foothills region? Q2 seeks primarily to investigate the effects of root-zone soil moisture and associated vegetation condition on the ABL and their relation to local CI processes. These include the development of horizontal water vapor gradients, mesoscale circulations, and resulting axes of moisture and mass convergence in response to contrasting areas of root-zone soil moisture and vegetation type. During the pilot project, observations were limited to meteorological measurements with no direct latent and sensible heat measurements.
Q3.
To what extent can high-resolution NWP models contribute to forecasting the initiation and development of severe convective storms that originate in the Alberta foothills?
Q3 targets the use of NWP models in forecasting CI and severe storms. Investigations include examining the skill of the Canadian Global Environmental Multiscale (GEM) model (Côté et al. 1998 ), run at the convective scale, to simulate ABL and surface processes under consideration in Q1 and Q2. Observed storm structures, microphysical fields, and potential deficiencies in current parameterizations will also be examined.
These three questions formed the basis for the design of a 2008 pilot field campaign. The experimental domain and study period, special instrumentation used, and measurement strategies were defined to address the three above-mentioned questions while exploiting existing observational infrastructure. Additional consideration was given to known spatial and temporal characteristics of thunderstorm activity in Alberta. Dedicated convective-scale NWP support was designed to support all three science questions utilizing both conventional and experimental forecast fields over an appropriate domain and forecast period. The model runs were conducted in real time to support field operations.
Experimental domain. The experimental domain for UNSTABLE (Fig. 4 ) was defined using criteria including thunderstorm activity, proximity to population centers, and existing observational infrastructure. The domain encompasses the southern half of the climatological maximum for thunderstorm days ( Fig. 1 ) and days with hail (Wojtiw 1975 ; not shown) in Alberta and is a region long recognized for frequent CI and severe weather in summer. Given the impact of severe storms on population centers, the domain was defined to include the cities of Calgary and Red Deer. The contrasting region of crops/grasslands and forests ( Fig. 3 ) and the presence of research monitoring networks [e.g., Foothills Orographic Precipitation Experiment (FOPEX) and Foothills Climate Array (FCA), see Table 3 ] helped further refine the UNSTABLE domain. A subdomain was defined to target CI processes over the foothills specifically and to include the majority of special fixed instrumentation and mobile observations. This included two lines of mesonet stations (M1-M8 in Fig. 4 ) with varied spacing oriented along the sloping terrain of the foothills.
Instrumentation and observations. A summary of special instrumentation deployed/utilized for UNSTABLE 2008 is provided in Table 3 . Fixed networks of surface stations, GPS precipitable water (PW) sensors, two rawinsonde stations, a water vapor radiometer (WVR), a water vapor profiler (WVP), and a tethersonde provided stationary surface and upper-air observations within the UNSTABLE domain. On selected days, additional mobile platforms consisting of 1-3 instrumented vehicles (IV1-IV3), two rawinsonde stations [mobile balloons 1 and 2 (MB1 and MB2, respectively)], instrumented aircraft, and an integrated profiling system [Atmospheric Emitted Radiance Interferometer (AERI), infrared pyrometer, and WVR] were deployed to specific target areas. Additionally, the IV2 team placed Styrofoam "hail pads" at roadside locations with 2-5-km spacing. The pads were calibrated to record hail size and impact energy and were collected and replaced after hail occurred.
Data from the operational networks used by EC forecasters [e.g., C-band Doppler radars, Geostationary Operational Environmental Satellite 12 (GOES-12), Canadian Lightning Detection Network (CLDN) lightning, aircraft meteorological data relay (AMDAR) profiles, among others] were also utilized, as were data from the Weather Modification Inc. (WMI) C-band radar. The locations of EC's Strathmore (XSM) radar Radar "fine lines" (i.e., thin lines of enhanced radar reflectivity) have played an important role in past CI field studies because they often indicate the presence c instruments operating on iods only (see Table 5 ).
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| of low-level convergence boundaries (Wilson and Schreiber 1986; Browning et al. 2007; Buban et al. 2007 ). However, the sensitivity of the WMI radar was too low to detect all but the largest fine-line targets, and although the EC radars often detect fine lines, their distance from the region of most-frequent CI precluded frequent fine-line observations of the dryline. Mobile Doppler radar support was not pursued for the pilot experiment because of resource limitations, but it is planned for the full-scale UNSTABLE project to provide more complete radar-based observations of boundaries over the region. All observational data have been quality controlled using standard methods. Observations from mobile platforms often required the most effort. The authors can be contacted for details.
Field logistics. The UNSTABLE 2008 field program took place during the nine weeks from 15 June to 15 August. This period captures the peak climatological period of thunderstorm and severe weather activity in Alberta. An intensive observation period (IOP) ran from 9 to 23 July, when mobile teams were on standby to conduct observations. Each day during the IOP, rawinsonde data were obtained at 1200 UTC (UTC is local daylight saving time plus six hours.) from the two fixed locations near the towns of Olds (EA3) and Water Valley (WVX). If mobile operations were conducted [an intensive observation day (IOD)], then additional sondes were released simultaneously every two hours until 0000 UTC by all four sounding teams. Predefined missions were developed, including proposed routes for mobile teams given limited road networks along the foothills. Mobile teams were vectored into position and monitored by a field coordinator (FC) at the WMI radar site just south of Olds, Alberta. Where possible, IOD missions were conducted in the vicinity of mesonet station lines to maximize the quantity of fixed and mobile data targeting a specific event. The mission objectives are summarized in Table 4 . Each morning during the IOP, the principal investigators determined if operations should be conducted, and if so, they selected an appropriate mission. Sounding teams were usually located on either side of boundaries in adjacent areas of interest with IV teams conducting surface transects between sounding locations or on adjacent roads. Aircraft flights followed stepped traverses and spirals between the mobile sounding teams or a racetrack pattern as dictated by the mission. More details on observation strategies are available in the UNSTABLE 2008 Pilot Experiment Operations Plan (Taylor et al. 2008a) .
During the UNSTABLE 2008 IOP, eight IOD missions were conducted with an additional day of partial operations. Down days were used for equipment maintenance and testing, logistical and mission reviews, and media interviews. An operational summary is provided in Table 5 .
Forecast/nowcast support. Forecasting and nowcasting for UNSTABLE 2008 was collaborative between the FC and the dedicated staff from EC's Prairie and Arctic Storm Prediction Centre (PASPC). Each evening the FC would brief field teams on the potential for operations for the next day. The following morning, PASPC staff would provide a forecast to the FC on the convective potential for the current day (day 1) as well as an outlook for the next day (day 2). These would include graphical depictions posted to an internal government Web page. The PASPC meteorologist would also construct graphical mesoanalyses each hour in support of field operations. The FC and the PASPC meteorologist frequently coordinated during the day's operations.
High-resolution NWP model support. The Canadian Meteorological Centre (CMC) has been running a convective-scale version of the GEM model over various domains in Canada since 2005. EC provided specialized NWP support for UNSTABLE 2008 in the form of limited-area model (LAM) runs of GEM at 2.5-and 1.0-km horizontal grid spacing. The 2.5-km run (GEM-LAM-2.5) was initialized using boundary conditions from the variable-resolution (15 km over Canada) global GEM model run that is used to provide short-term (48 h) NWP forecasts for the entire country. No additional data assimilation was performed for the 2.5-or 1-km grid. The domain covered most of the provinces of British Columbia and Alberta (Fig. 5 ) and was integrated out to 24 hours daily, starting at 1200 UTC. A special 1-km GEM-LAM grid (Fig. 5 ) was run every day in real time from 1500 to 0300 UTC for the 3-month period of 1 June-31 August 2008. The 1-km model (GEM-LAM-1) was nested within the GEM-LAM-2.5 west domain and initialized from its 3-h forecasts with horizontal boundary conditions supplied every 1 hour thereafter. The model configuration was similar to the GEM-LAM-2.5 but used a reduced time step, an increased frequency for calling the radiation scheme (every 15 minutes), and an experimental two-moment bulk microphysics scheme (Milbrandt and Yau 2005) . Also, a special technique of gradually evolving the model orography from a resolution of 2.5 km (that of the driving model) to 1 km over a period of two hours was employed. This reduces the introduction of numerical instability caused by sudden increases or decreases in the height of the lowest model level (McTaggart-Cowan et al. 2010 ). Both the GEM-LAM-2.5 and the GEM-LAM-1 use terrain-following vertical coordinates with vertical spacing increasing with elevation, ranging from approximately 40 m near the surface to 200 m near 1.5 km above ground (typically ~10 model levels). Surface characteristics used in GEM-LAM-2.5 and GEM-LAM-1 are derived from a high-resolution (1 km or less horizontal resolution) database of 26 distinct land use/land surface types. Surface prognostic variables for a nested run are interpolated from the driving model; thus, for the 1-km run, these surface variables ultimately come | from the 15-km GEM forecasts since currently there are no independent analyses produced for the higherresolution grids. Other aspects of the model configurations are summarized in Table 6 . A Web site was set up to display images of model output, from both the GEM-LAM-2.5 and the GEM-LAM-1, for use by UNSTABLE participants. Two sets of fields were produced, including a set of standard model fields plus a set of special convective diagnostic fields developed at EC's Hydrometeorology and Arctic Laboratory (see Table 7 ). The Web site allowed participants to view the model forecast fields and make direct comparisons between the behavior of the GEM-LAM on the 2.5-and 1-km grids. These real-time forecasts were routinely used for operational planning and mission decisions during the IOP.
To pursue Q3 and to continue to work toward providing improved high-resolution NWP support for future UNSTABLE field work, the GEM-LAM-1 was run again during the summer of 2009. All model output and Web site images for the 2008 and 2009 summers are archived for examination related to the science questions and for other research purposes.
We remark that the NWP component of the experiment was somewhat distinct from the observational component (Q1 and Q2), in that its purpose was not to research CI directly. Given that operational forecasting today relies heavily on NWP guidance and that UNSTABLE provides a unique dataset, the inclusion of Q3 was a logical component of the project. Note that for the 2008 pilot campaign, no assimilation of the special observations into the 1-km (or 2.5 km) model was performed. At the time of the experiment, it was not possible to assimilate data onto a limited-area grid in the GEM. High-resolution data assimilation will be considered for the future fullscale experiment.
PreLIMINArY reSuLTS. Mesoscale boundaries.
One objective of UNSTABLE is to improve our Surface observations were recorded as 1-min averages (fixed) and 2-15-s samples (mobile) to allow for detailed characterization of mesoscale features of interest. Passage of a dryline through station M6 (located 55 km west-northwest of Calgary) is illustrated via 1-min observations in Fig. 7 . These observations highlight the detailed structure of the boundary, resolving multiple therma l and moisture gradients and wind shifts (convergence zones). The primary instrumented vehicle (IV1) used in UNSTABLE 2008 (see Table 3 ) recorded wind data in addition to thermodynamic parameters. The structure of the same dryline that passed M6 was resolved with 2-s data by IV1 (Fig. 8) more than 100 km northwest of station M6 (see Fig. 6b ). While traveling northeast at an average speed of 14 m s ). Orientation of the boundary was from northwest to southeast; therefore, transitions from a southerly/westerly wind to a northerly/easterly wind indicate convergence. The return of wind direction to southerly on the moist side of the dryline may be due to local terrain effects and is a topic for further analysis. Data from transects conducted by IV2 (not shown) suggest that the horizontal position of the dryline oscillated over a distance of 6 km before the boundary advanced eastward after 2100 UTC. Dryline width and moisture gradients from IV2 data are comparable to those shown for IV1. A number of other narrow boundaries with sharp thermodynamic gradients (e.g., storm gust fronts, dryline-outflow merged boundaries) were sampled by the IVs during the IOP.
Aboveground observations during UNSTABLE were obtained mainly via strategically placed rawinsonde teams and instrumented aircraft. During UNSTABLE 2008, 2-hourly simultaneous soundings were obtained on either side of mesoscale boundaries whenever possible. Soundings valid at 0000 UTC on either side of the 13 July 2008 dryline are shown in Fig. 9 . The "dry" sounding (MB1) was within 10 km of the dryline and shows a deep, well-mixed ABL that is warmer and significantly drier than the "moist" MB2 sounding. The MB2 sounding was ~35 km from the boundary and is characterized by a shallower, cooler, and more moist ABL. Although an outflow boundary had passed through the location of MB2 shortly before the sounding, the surface θ analysis, including nearby sites (not shown), is consistent with the soundings showing a thermal gradient across the dryline. A more-detailed analysis of these soundings and a comparison to the existing dryline conceptual model were discussed in Taylor et al. (2008b) . Soundings from this and other IODs are being analyzed to characterize ABL and upper-air conditions near boundaries and other features of interest.
Aircraft observations were obtained from 1755 to 1923 UTC in the vicinity of the dryline on 13 July 2008. Observations currently consist of thermodynamic variables only, as complications in the calibration of wind measurements remain unresolved at the time of writing. A combination of spiral and stepped traverse flight paths were used in an attempt to resolve characteristics of the boundary, and near boundary, ABL. The flight track from 13 July 2008, the surface observations at 1900 UTC, and the positions of mobile teams are illustrated in Fig. 10 . The aircraft conducted seven traverses at altitudes ranging from a few hundred to 1,500 m above ground level (AGL) over lower terrain. From aircraft, sounding, and surface observations, vertical cross sections of various parameters were created. A q v cross section is shown in Fig. 11 . In the moist air, q v is generally well mixed over the lowest 2 km at distances of less than 20 km from point A in Fig. 10 . The dryline boundary is resolved in the vertical approximately 60 km from point A. Undulations in q v , and in θ (not shown), are evident at the top of the moist ABL and may be indicative of gravity waves or remnant horizontal roll circulations propagating over the capped ABL on the moist side of the dryline. Similar features have been observed in the vicinity of the dryline in the United States (e.g., Buban et al. 2007 ). | Preliminary results presented in this section illustrate one example of a mesoscale feature (i.e., a dryline) associated with CI in the Alberta foothills. Data from this and other IODs are revealing details about boundaries and CI mechanisms that have never been resolved in this region. These observations will allow for improved understanding of processes influencing CI in Alberta and help address issues considered under Q1. As these processes are better understood, they can be placed in context with CI mechanisms observed elsewhere. This will allow for refinement of existing conceptual models to be used by forecasters in conjunction with operational observation networks and NWP to improve forecasts of CI and severe storms.
Surface effects on the ABL. On 20 July 2008, a mission was conducted in support of Q2 to sample ABL character and evolution under weak-f low sy noptic conditions to assess differences between the foothill boreal forest region and the cropped/ grassland region to the east (Fig. 3) . The forested region is characterized by coniferous trees with heights of ~15-30 m, whereas the cropped/grassland region is composed of cereal crops and prairie grassland. This was the first time that detailed measurements have been ava i lable for t his purpose in this region of Canada. For this mission, MB2 [Mobile Atmospheric Research System (MARS)] was positioned at 52.04°N, 114.78°W in the cropped area, whereas MB1 was located at 51.93°N, 114.93°W in the forested area; both teams were in the field from 1500 to 2300 UTC (Fig. 12) . Soundings valid at 1600, 1800, 2000, and 2200 UTC were obtained by both teams. Two IV teams (IV1 and IV2) conducted surface transects between the MB teams from 1600 to 2200 UTC (blue lines in Fig. 12 ). All teams were on narrow gravel roads; therefore, surface observations in the cropped area may be considered to be above the vegetation canopy, whereas observations in the forested region are within or below the tree canopy. The aircraft flew a racetrack pattern at six levels between 150 and 1,100 m AGL (red lines in Fig. 12 ) and was in flight from 1800 to 2030 UTC.
Hourly mesonet contour maps show temporal and spatial variations in surface θ and q v during the (Fig. 14) and the graph in Fig. 15 . IOD (Fig. 13) . Mesonet stations M1-M4 were within the forested region (M1 was farthest into the forest), with their locations progressively closer to the cropped area (see Figs. 12  and 13 ). Forest-crop differences in θ were 3-4 K between 1500 and 2000 UTC, and then they increased to 4-5 K between 2100 and 2300 UTC. The cropped region remained cooler than the forested area during the entire IOD (Figs. 13a-d) . This was likely due to greater sensible heating (i.e., lower albedo and less ET) over the forested area, although no direct measurements were available to confirm this conclusion. The maps show the importance of mesonet data; the sharpest gradients occur where the spacing of stations is smallest. Gradients in q v were also captured by the mesonet with slightly higher q v in the cropped region (~7.5-8.5 g kg −1
) than in the western-most forested region (6.5-7.0 g kg −1 ) during most of the IOD (Figs. 13e-h ). Higher q v values persisted farther into the cropped areas throughout the entire IOD (not shown). By 2200 UTC, the q v gradient between station M1 (the station deepest into the forest) and the other stations strengthened. For example, Fig. 13h shows that q v at 2300 UTC increased to more than 8.0 g kg −1 at M2 and M4, whereas M1 remained near 7.0 g kg ) or less most of the day over the entire domain, but then they increased to ~6 m s −1 (20 km h −1 ) from the southeast over much of the adjacent cropped region and into the forested area by 2200 UTC. It is likely that the wind advected moisture from the cropped region into portions of the forested region.
Aircraft, IV1, and sounding data from MB1 and MB2 all depicted more distinct differences between the forested and cropped regions compared to the mesonet. Reasons for this may be due to contour interpolation and wider spacing of data points in the mesonet data. A vertical cross section derived from aircraft, sounding, and surface data (Fig. 14a) shows a clear gradient in q v of ~2.0-2.5 g kg −1 at low levels between the 15-km point in Fig. 14a (forest) ) below 400 m AGL, whereas the cropped area has a maximum q v on the order of 7.0 g kg −1
. The moisture differences between cropped and forested regions are not apparent above 400 m AGL, mostly due to the aircraft being in the mid-upper portion of the ABL, as indicated by sounding analysis (see Fig. 16 ). Vertical profiles of θ from the soundings (Fig. 16) and Fig. 14b suggest that the cropped ABL depth was between 800 and 1,000 m AGL, whereas the forested ABL was deeper than this (almost 1,200 m) over the course of the flight. It should be emphasized that there was only one aircraft flight on this day to examine the spatial thermodynamic differences across the forest-crop boundary. We, therefore, do not know how these observations may have changed over the course of the day or even during the flight for any particular point in space. Two or more aircraft flights will be necessary for future missions.
Plot s of q v a nd θ f rom a n I V1 t r a n s e c t (1618-1721 UTC) are shown in Fig. 15 ) farther into the crop region. Comparisons of MB1 and MB2 sounding data reveal temporal thermodynamic variations in the vertical between the forested and cropped areas (Fig. 16) . At 1600 UTC the lower ABL over the cropped region was capped and moist in comparison to the drier, well-mixed ABL over the forested region (Fig. 16a) . By 1800 UTC the cap eroded and the cropped ABL became more well mixed but remained slightly more moist (by ~1 g kg −1
) and cooler (by ~2 K) than the forested region (Fig. 16b) . Higher sensible heat fluxes over forested regions promote rapid development of a convective ABL and may lead to CI earlier than over cropped regions. Early-day development of a wellmixed ABL has been observed in previous Alberta field projects (e.g., LIMEX) and may distinguish ABL evolution in this region from other regions on the Canadian prairies. There was little difference in the vertical distribution of moisture between the two regions by 2000 UTC (except for the upper ABL discussed below); however, the forested region was still warmer than the cropped region by ~2 K (Fig. 16c) . The ABL was consistently deeper over the forested region up to and including 2000 UTC, but the cropped ABL progressively deepened over the day.
Soundings at 1800 and 2000 UTC over the cropped area (MB2) show drying in the upper 100-200 m of the ABL (with ABL depth determined by rapidly increasing θ with height), whereas the MB1 soundings over the forested region do not (see Figs. 16b,c) . The dry air in the upper ABL was most pronounced in the 1800 UTC profile (Fig. 16b) . It is not known why this drying was present at some times and not others. However, various ABL phenomena may be responsible (e.g., bores, gravity waves, and small-scale turbulence).
The 20 July IOD in support of Q2 provided the first opportunity to examine the thermodynamic differences between forested and cropped regions in Alberta under weak synoptic-scale forcing conditions. This is important for better understanding the differences in ABL evolution between these two regions and how it may influence CI. Observations obtained across the forest-crop boundary (i.e., ABL height and thermodynamic evolution) provide insight into the partitioning of energy into sensible and latent heating over these areas in the absence of direct surface flux measurements. Under quiescent atmospheric conditions, the daily contribution of ET to moisture in the convective ABL, primarily through transpiration from vegetation, can exceed that added through advection (Raddatz 2005) . Prairie boreal forests typically transpire between 2 and 3 mm day −1 (Amiro et al. 2006; Barker et al. 2009 ) compared to wheat crops, which can transpire from less than 1 (water stressed) to more than 7 mm day −1 (very little to no water stress) during the peak senescence period (Raddatz 2005; Brimelow et al. 2010) . Vegetation (crops and perennial grasses) over most of central and southern Alberta did not experience moisture stress in July 2007, as suggested by the Canadian drought monitoring network (www.agr.gc.ca/pfra/ drought/mapscc_e.htm) (not shown). Hence, local transpiration from these vegetation types was most likely normal to above average. The differences in evolution of ABL moisture and depth between the forested and cropped areas observed here suggest that the cropped/grassland region was likely transpiring to a greater degree than the forested region. This can have important consequences on days when deep convection is possible and when the mountain-plains circulation develops (Smith and Yau 1993a,b) . Local ET appears to be an important source of ABL moisture, especially in central Alberta, where low-level moisture advection (without an ET contribution) can sometimes be extremely limited.
High-resolution NWP. In initial consideration of Q3, selected runs of the GEM-LAM at 1.0-and 2.5-km horizontal grid spacing were compared to observed radar. The GEM-LAM-1 frequently produced spurious, isolated convection during the summer of 2008 on days with even relatively mild convective instability, while the 2.5-km model was much less prone to this behavior. For example, Figs. 17a-c show simulated reflectivity at 1.5 km AGL for the GEM-LAM-2.5 and GEM-LAM-1 along with the observed radar 1.5-km constant altitude plan position indicator (CAPPI) valid at 1900 UTC 26 July 2008. Small convective cells were observed south of the Calgary region (approximately 120 km south of the Strathmore radar) and along the Rockies (just northwest of the project area). Although the GEM-LAM-2.5 captured the qualitative nature of the spotty convection, the GEM-LAM-1 produced spurious small-scale convection over a widespread region. This behavior occurred frequently throughout the summer of 2008 and, unfortunately, reduced the usefulness of the GEM-LAM-1 as a source of guidance for forecasting CI during the IOP.
In preparation for a later UNSTABLE experiment, the GEM-LAM-1 was modified and run again during the summer of 2009 (on a slightly larger grid; see Fig. 5 ). To address the tendency to produce spurious convection in 2008, and based on experiences preparing for the 2010 Vancouver Olympics (Mailhot et al. 2010) , the version of the dynamical core of the GEM model was updated to use a staggered (CharneyPhillips) vertical coordinate. For reasons that are hypothesized to pertain to improved temperature advection near the surface in sloped terrain, the 2009 configuration was essentially free of the problem of spurious convection for the GEM-LAM-1.
In general, the 1-km model did not improve the prediction of CI on 6 July 2008. In Figs. 17d-f , valid at 0100 UTC 6 July 2008, the occurrence of isolated cells south of the Carvel radar was more or less well simulated in both models (though with more convection in the GEM-LAM-1 compared to the GEM-LAM-2.5), whereas the convection predicted by both models east of the Strathmore radar is spurious. The fact that the spurious convection in the GEM-LAM-2.5 also occurs in the GEM-LAM-1 is not surprising since the GEM-LAM-1 is essentially a downscaling model, directly driven from the GEM-LAM-2.5 with no additional data assimilation. This illustrates that without improved initial conditions, the higher model resolution does not necessarily improve the numerical forecasting of CI.
For situations in which the numerical forecast of convection is reasonably good in the GEM-LAM-2.5, the GEM-LAM-1 often simulated a more realistic convective mode. For example, in Figs. 17g-i, valid at 0000 UTC 7 July 2008, although several individual model storms were spurious, the overall timing and location of convection in the GEM-LAM-2.5 was in reasonable agreement with the radar observations. However, the linear nature of the convective system near the Strathmore radar was better simulated by the GEM-LAM-1. In practice, the GEM-LAM-1 simulations may at times provide useful information on the convective mode and the type of severe weather elements that are expected.
Overall, we must conclude that without a highresolution analysis to improve the initial conditions of the model, there is little evidence from the 2008 experiment that a single deterministic 1-km model will improve the forecast of CI over a 2.5-km configuration. Even with the improvements for the 2009 runs, the GEM-LAM-1 is driven by the GEM-LAM-2.5 and will therefore suffer from the same lack of mesoscale information in the initial data. It will be necessary to explore alternatives for high-resolution NWP guidance rather than simply using a 1-km downscaling model. Additional GEM-LAM results are being used to help address all three science questions in other ongoing, and future, studies.
SuMMArY ANd FuTure reSeArCh. Many observations from UNSTABLE 2008 are of spatial and temporal resolutions never before collected over the Alberta foothills and significantly exceed those of operational observation networks. During the 15-day IOP, eight IOD missions were conducted, including at least one of each predefined mission. A variety of fixed and mobile surface and upper-air instrumentation platforms were utilized to target observations characterizing mesoscale boundaries and ABL processes important for CI and severe storms in this region. High-resolution NWP output supported field operations and will be used for continued research in conjunction with field observations.
A variety of mesoscale boundaries were resolved in detail via UNSTABLE 2008 observations, including the most complete observations to date of a dryline in Canada. Significant moisture gradients (e.g., 18 g kg −1 km −1 in q v ) and wind convergence were observed over distances of less than 700 m. Even stronger gradients over shorter distances were recorded in other cases not reported here. Additional surface and upper-air observations characterize the 3D structure of the dryline. Future work will include NWP investigations of Alberta drylines, comparisons to dryline observations in the United States, and investigations of climatological dryline occurrence in Canada. In future field campaigns, we will endeavor to obtain more complete documentation of mesoscale boundaries and CI via additional targeted surface, radar, and aircraft observations. Understanding the development and behavior of the dryline and other mesoscale boundaries is critical for forecasters to anticipate how these features influence the timing and location of CI and to apply appropriate conceptual models when forecasting or nowcasting their occurrence, evolution, and potential interaction with local storms.
The evolution of the ABL over contrasting forested and cropped areas was investigated in detail for the first time in Alberta via meteorological measurements. From late morning through early afternoon, the ABL over the cropped area remained cooler, more moist, and shallower than the ABL over the forest. ET from crops may be an important local source of ABL moisture over the Alberta foothills, given the mountain barrier to the west and absence of significant nearby surface water sources (e.g., the Gulf of Mexico, the Great Lakes). Additionally, the interface between forested and cropped areas may be important for the development of local mesoscale boundaries/ circulations that may influence the timing and location of CI. Detailed analysis of this case is ongoing with respect to a more quantitative comparison between soundings, analysis of tethersonde data, examination of the spatial and temporal variations of the IV data, and comparisons of all observational data to simulations from the GEM-LAM-1 and GEM-LAM-2.5. Of particular interest is the representation of modeled surface fluxes and the associated moisture field and ABL evolution. Future field work will include aircraft flux measurements over various vegetation and terrain features to better quantify spatial latent and sensible heat fluxes, vertical motion, and surface skin temperatures explicitly, similar to other field projects (e.g., Lemone et al. 2007 ).
High-resolution NWP model runs supported UNSTABLE 2008 operationally, and they form a significant component of ongoing and future research. Daily runs from 2009, when contrasted with those from 2008, highlighted improvements made to reduce a known problem with spurious convection. Output from the 2.5-and 1-km GEM-LAM configurations during the field campaign suggests that there may be limited benefit to simply downscaling to 1-km horizontal grid spacing without assimilation of additional data. The technology is now in place to perform high-resolution data assimilation in the GEM on a limited-area grid, and researchers at EC are currently working to produce 2.5-km analyses to initialize the GEM-LAM-2.5 (Fillion et al. 2010) . Although there may be some utility in terms of forecasting convective mode with a single deterministic 1-km grid, the large uncertainties associated with high-impact weather indicate that a probabilistic approach is likely necessary for convective-scale forecasting (Stensrud et al. 2009 ). The use of an ensemble of slightly coarser-resolution convection-permitting grids (such as 2.5 km) will be explored in preparation for the full UNSTABLE experiment. Output from GEM-LAM-2.5 and GEM-LAM-1 will play an important role in continued analysis of UNSTABLE cases in support of each of the three main science questions. UNSTABLE 2008 field operations provided an opportunity to test measurement strategies that may be considered for a larger-scale experiment. Tentative plans are to undertake another UNSTABLE field campaign in 2013, contingent on funding availability and other factors. Preliminary results have indicated a number of requirements for a future field campaign, including the following:
• Aircraft instrumented for eddy-correlation surface flux measurements and 3D winds The overall goal of UNSTABLE is to help forecasters issue the most timely and accurate severe thunderstorm watches and warnings possible. As detailed analysis of UNSTABLE data continues, and our understanding of CI processes in Alberta (and elsewhere) grows, researchers will endeavor to work with forecasters to utilize results in an operational setting. This will allow forecasters to better anticipate CI and severe weather, recognize limitations of realtime observations, and apply appropriate conceptual models when making watch/warning decisions in high-impact weather situations.
